Abstract. If cosmic inflation was driven by an electrically neutral scalar field stable on cosmological time scales, the field necessarily constitutes all or part of dark matter (DM). We study this possibility in a scenario where the inflaton field s resides in a hidden sector, which is coupled to the Standard Model sector through the Higgs portal λ hs s 2 H † H and non-minimally to gravity via ξ s s 2 R. We study scenarios where the field s first drives inflation, then reheats the Universe, and later constitutes all DM. We consider two benchmark scenarios where the DM abundance is generated either by production during reheating or via non-thermal freeze-in. In both cases, we take into account all production channels relevant for DM in the mass range from keV to PeV scale. On the inflationary side, we perform the analysis for the full two-field case (s and H), comparing the dynamics and the relevant observables in two different but well-motivated theories of gravity (metric and Palatini), as well as taking into account the non-perturbative nature of particle production during reheating. We find that, depending on the couplings and the DM mass, the scenario works well especially for large DM masses, 10 2 GeV m s 10 6 GeV, although there are also small observationally allowed windows at the keV and MeV scales. We discuss how the model can be tested through astrophysical observations.
Introduction
If cosmic inflation was driven by an electrically neutral inflaton scalar field stable on cosmological scales, this field necessarily constitutes a dark matter (DM) component [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . This can be the case either because the reheating stage after inflation was not complete and left behind a remnant of the scalar condensate, or because the inflaton excitations were eventually created by the Standard Model (SM) products following the decay of the inflaton zero mode. The scenario is particularly appealing since it is able to explain two things at once: the origin of the DM component and the generation of the primordial curvature perturbations leading to temperature fluctuations in the Cosmic Microwave Background (CMB) [18] .
In this paper we consider models where decay of the homogeneous inflaton condensate after inflation is always complete. The inflaton particles can still be stable, as reheating is not, in general, a process where individual particles decay, transferring their energy into other particles one by one, but rather a non-perturbative process where a time-dependent condensate transfers its energy density into other fields (see e.g. Refs. [19, 20] ). If the coupling between the inflaton and the SM sector is large enough, the inflaton particles will enter in thermal equilibrium with the other particles produced in reheating. Then, at some point when their mutual interaction rate cannot keep up anymore with the expansion of the Universe, the inflaton particles undergo thermal freeze-out. If the inflaton particles were stable, they will constitute the usual Weakly Interacting Massive Particle (WIMP) DM. On the other hand, if the coupling between the inflaton and the SM sector was very small, the inflaton field may have reheated the Universe without ever entering into thermal equilibrium with the resulting heat bath itself. In this case, however, the inflaton particles may still have been produced by the freeze-in mechanism [21, 22] after inflation and constitute all the DM component. In this mechanism, DM particles are produced non-thermally by decays and annihilations of SM particles, without subsequent thermalization of them with the SM sector. As this necessarily requires a very small coupling between DM and the SM sector, the corresponding DM particle is often dubbed Feebly Interacting Massive Particle (FIMP).
Given the increasingly stringent observational constraints on WIMP DM [23] , the freezein mechanism has recently become more and more popular as a production mechanism for DM; for a recent review of FIMP models and constraints, see Ref. [24] (see also Ref. [25] for the implementation of this mechanism into the micrOMEGAs code). In this paper, we will study exactly this scenario. The model we will study is arguably one of the most economic models for explaining both DM and inflation, as all we need is a real Z 2 -symmetric singlet scalar feebly interacting with the SM sector via the Higgs portal coupling. 1 On top of this coupling, we will assume that the scalar is only weakly self-interacting and has a non-minimal coupling to gravity.
The non-minimal coupling to gravity is not only allowed by the model symmetries but also generated radiatively even if it was initially set to zero [31] . This is exactly what models like Higgs inflation [32] utilize very successfully, as such models are in very good agreement with the most recent observations of the CMB [33] (for a review, see Ref. [34] ). However, in contrast to other works on unification of inflation and DM, in this paper we will study our scenario in both metric and Palatini counterparts of gravity. As recently studied in a number of works, this choice plays an important role in determining the field dynamics during inflation and the resulting predictions for observables, such as the ratio of tensor to scalar perturbations [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . What separates these two scenarios is the choice of gravitational degrees of freedom. In the metric counterpart of gravity, one assumes that the space-time connection is given uniquely by the metric only, i.e. that the connection is the usual LeviCivita one, whereas in the Palatini counterpart one allows the connection to be an a priori free parameter, whose constraint equation determines how it depends on the metric and the matter content of the theory. Notably, in General Relativity (GR) these two approaches render to mere formulations of the same theory. However, when non-minimal couplings between matter fields and gravity are explicit, these two approaches describe two inherently different theories of gravity (for extended discussion on the topic, see e.g. Ref. [50] ). As in inflationary scenarios where the scalar field which is coupled non-minimally to gravity relaxes down to very small values after inflation, in the present Universe there are no ways of distinguishing between these two theories (given that the gravity sector remains otherwise unchanged from that of GR). However, as shown in the above works, this choice of the underlying theory of gravity can have an important effect on the dynamics during inflation. In this paper, through the unification of inflation and DM, we show that this choice can also affect the physics after inflation. This paper is organized as follows. In Section 2, we introduce the model and discuss the different scenarios considered in this paper. The details of the inflationary stage are presented in Section 3, where we consider both metric and Palatini theories and perform a complete analysis of the two-field dynamics. Section 4 is devoted to the study of the reheating stage in different scenarios. The DM production, both via freeze-in and reheating, is discussed in Section 5. Finally, our conclusions are presented in Section 6.
The model
We study a minimalistic extension of the SM of particle physics where, on top of the SM particle content, we include a real scalar singlet s, playing the double role of the inflaton field and the DM component. In order for this new degree of freedom to be a viable DM candidate, we require the theory to exhibit a discrete Z 2 symmetry. 2 In particular, we consider a scalar potential
with √ 2H T = (0, h) the SM SU (2) gauge doublet in the unitary gauge, v = 246 GeV the vacuum expectation value of the SM Higgs field and λ h and λ s two positive-definite couplings ensuring vacuum stability. Additionally, we allow both H and s to interact non-minimally with gravity by including a term
on top of the usual Einstein-Hilbert action, with g µν the metric tensor and Γ an arbitrary connection. In the so-called metric theory, the connection Γ is identified with the Levi-Civita connectionΓ
In the alternative Palatini approach, the metric and the connection are rather treated as independent variables, being the only assumption that the connection is torsion-free, Γ λ αβ = Γ λ βα . For a Friedmann-Lemaître-Robertson-Walker cosmology, Eq. (2.2) can be interpreted as a Hubble-induced mass term for the s and H fields. While this gravitational contribution plays a very important role during inflation, it can be safely neglected in the late Universe, where the curvature is very small. At low energies, the effective square mass of the scalar field s can be well-approximated by the sum of the mass parameter µ 2 s and the Higgs portal contribution λ hs H † H. In order to ensure that the Z 2 symmetry is not spontaneously broken at the electroweak vacuum v, we demand this mass to be positive definite,
We will study four phenomenologically distinct scenarios in which the DM component is non-thermally produced (cf. Fig. 1 ):
1. Reheating after inflation occurs in an effectively quartic potential, V λ s s 4 /4 and no significant amount of DM is produced during it. All DM is produced by freeze-in after reheating.
2. Reheating occurs only when the inflaton field has relaxed to the quadratic part of its potential, V m 2 s s 2 /2, and no significant amount of DM is produced during it. All DM is produced by freeze-in after reheating. Figure 1 . The four non-thermal DM production mechanisms considered in this paper.
SM
3. Reheating occurs in an effectively quartic potential and all the observed DM is produced during it, the inflaton decays dominantly into the SM sector. No significant amount of DM is produced by freeze-in after reheating.
4.
Reheating occurs only when the inflaton field has relaxed to the quadratic part of its potential and all the observed DM is produced during it, the inflaton decays dominantly into the SM sector. No significant amount of DM is produced by freeze-in after reheating.
In all cases, we assume that the inflaton field interacts so feebly with the SM sector that it never enters into thermal equilibrium with it. The scenario 1 has previously been studied in Ref. [12] , whereas scenarios 2 to 4 are new to the best of our knowledge. To set up the stage for DM production during reheating and/or freeze-in, we begin by studying the dynamics during inflation.
Cosmic inflation
Most of the literature in DM-driven inflation is based on a single field approximation in which the inflationary dynamics is completely dominated by the scalar field s [1] [2] [3] [4] [5] [6] [7] [8] [10] [11] [12] [13] . In this section we extend the existing formalism to account for the non-minimal coupling of the Higgs field to gravity. The resulting framework emphasizes several features of the model that were not properly identified in previous analytical studies and sheds some light on the results of numerical simulations on multifield inflation [45] . We will avoid technical difficulties by restricting ourselves to a simplified scenario in which the scalar potential (2.1) is dominated by the s-field during inflation. In this limit, the relevant part of the DM-driven inflationary action can be approximately written as
Note that for ξ s s 2 + ξ h h 2 M 2 P , the above expression develops an internal dilatation symmetry. This means that the Goldstone theorem is applicable and, consequently, it is always possible to identify a dilaton field Φ displaying only derivative couplings to matter [52, 53] . As we will see below, this emerging symmetry has far-reaching consequences.
The cosmological implications of Eq. (3.1) are more easily understood in the so-called Einstein frame, in which the non-linearities associated with the non-trivial kinetic mixing among the scalar fields and the metric are transferred to the scalar sector of the theory. This frame is achieved by performing a Weyl transformation g µν → Ω 2 (s, h) g µν with
While in GR the equation of motion for the connection renders the two formalisms equivalent, this is not true in the presence of non-minimal couplings [50] . This fact is indeed reflected in the Einstein-frame action
where
denotes a field-space metric with α = 1 for the metric case and α = 0 for the Palatini case. Note that in this frame the gravitational part of the action takes the usual Einstein-Hilbert form, allowing to identify the Einstein-frame connection Γ E with the Levi-Civita connection Γ in Eq. (2.3). A simple computation of the Gauss curvature associated to the field manifold γ ab reveals that this is generically different from zero, forbidding the reduction of Eq. (3.4) to a fully canonical form. The kinetic sector in Eq. (3.4) can be, however, diagonalized by performing a field redefinition [54] 
with
In terms of the new coordinates, the Einstein-frame action takes the very simple form
and
The structure of Eq. (3.9) is particularly enlightening:
1. The only non-derivative interactions involving the dilaton field Φ are exponentially suppressed. In particular, for sufficiently large values of the radial field Φ (namely for Φ M P /γ) the functions U , K and G become essentially Φ-independent. The emergent shift symmetry Φ → Φ + C can be understood as the non-linear realization of the approximate dilatation symmetry of Eq. (3.1) at ξ s s 2 + ξ h h 2 M 2 P , with Φ the associated Goldstone boson or dilaton. In the presence of this symmetry, the conservation of the dilatation current 1
-with the dots standing for derivatives with respect to the coordinate time t and ∆ϕ a denoting the infinitesimal action of dilatations on the fields -leads to a rapid freezing of the dilaton field Φ [52, 53] . This means that, in spite of dealing with a multifield model, the inflationary dynamics is essentially governed by Θ, thus preventing the generation of large isocurvature fluctuations and/or non-Gaussianities [52, 53] . From this point of view, the numerical results of Ref. [45] are not surprising, but rather a natural consequence of the emergent scale symmetry of this type of models in the large field regime.
2. The function K(Θ) contains three poles at Θ = 0, Θ = −c/κ and Θ = 1. The last one is a 'Minkowski' pole around which the usual SM minimally coupled to gravity is approximately recovered [53, 55] . The poles at Θ = 0 and Θ = −c/κ lead to an effective stretching of the canonically normalized variable
which allows for inflation even if the potential U (Θ) is not sufficiently flat [53, 55] . For ξ h = 0 (c = 0), the pole at Θ = 0 is quadratic and one recovers the standard exponential stretching appearing in single-field DM-driven inflation [1] [2] [3] [4] [5] [6] [7] [8] [10] [11] [12] [13] ,
For non-vanishing values of ξ h (c = 0), the inflationary pole at Θ = 0 is no longer reachable and we are left with a linear pole at Θ = −c/κ. In this case, the stretching of θ is restricted to a compact field range,
For the field values relevant for inflation, both the exponential terms in Eqs. (3.11) and (3.12) and the 'Minkowski' pole at Θ = 1 in Eq. (3.11) can be safely neglected. In this limit, we are left with a very simple action,
displaying a maximally symmetric field-derivative manifold with Gaussian curvature κ [53, 55] . The highly symmetric structure of Eq. (3.18) has a strong impact on the inflationary observables
where A s is the amplitude of the primordial scalar perturbations, n s and α s its spectral tilt and running, respectively, and r is the tensor-to-scalar ratio. These quantities can be computed either in terms of the usual slow-roll parameters associated with the potential for the canonically normalized field χ ≡ K(Θ)dΘ,
or using the modified slow-roll parameters
for the non-canonical inflaton field Θ. We follow here the second approach. The inflationary observables (3.19) and (3.20) are understood to be evaluated at a field value Θ * ≡ Θ(N * ) with
the number of e-folds, and
the value of the field at the end of inflation, (Θ E ) ≡ 1. Since we are especially interested in a scenario in which the Higgs field plays a subdominant role during inflation (ξ h ξ s ), we will approximate |κ| |κ c | and assume the ratio c/|κ| to be small. This allows us to analytically invert Eq. (3.23) while keeping track of the leading order effects of ξ h . To the lowest order in c/|κ| we obtain the following analytical expressions for the amplitude of the primordial scalar perturbations [54] , 25) its spectral tilt and running 26) and the tensor-to-scalar ratio
We can distinguish two asymptotic regimes. For 4cN * 1, the spectral tilt approaches −∞ while its running and the tensor-to-scalar tend to zero, in good agreement with the single-pole behavior of Eq. (3.18) at c = 0 [56] . On the other hand, for 4cN * 1, the above expressions converge to the single-field results found in previous studies [32, 35] , namely
with |κ c | 1/6 at small ξ h in the metric case (α = 1) and κ c ξ s at small ξ h in the Palatini case (α = 0). The dependence of the tensor-to-scalar ratio r, the spectral index n s , its running α s and the self-coupling λ s on the non-minimal coupling to gravity ξ s is depicted in Fig. 2 , where for illustration purposes we consider a fiducial value N * = 55 and ξ h → 0. The black and blue lines correspond to the metric and Palatini theories, respectively. Additionally, the bottom panel shows the variation of the model predictions in the n s − r plane for different values of ξ s . The red bands correspond to the Planck 2018 68% (dark) and 95% CL (light) regions [33] . In the metric case the predicted tensor-to-scalar ratio is always r 10 −3 and hence well within the reach of current or future planned experiments such as BICEP3 [57] , LiteBIRD [58] and the Simons Observatory [59] . In the Palatini case, however, the predicted tensor-to-scalar ratio is within reach of current or future experiments only if ξ s 10, which requires a relatively small self-coupling λ s 10 −9 . However, as we will see in the following sections, this is exactly what it is required when the inflaton couples only very weakly to the SM sector and acts as a FIMP DM candidate.
Note that all the above considerations are based on a tree-level analysis. The computation of radiative corrections in non-minimally coupled theories is a subtle issue due to their intrinsic non-renormalizability (see Ref. [34] for a review). In particular, any sensible computation within this framework requires the inclusion of an infinite number of higherdimensional operators, which can be either associated to new physics or generated by the theory itself via radiative corrections [60] . We postpone the inclusion of quantum effects, both in the metric and Palatini scenarios, to a future publication.
Reheating after inflation
As discussed above, the predictions for the inflationary observables in DM-driven inflation depend on the number of e-folds between horizon exit and the end of inflation. This quantity, in turn, depends on the whole post-inflationary history and, in particular, on the duration of the reheating stage immediately following the end of inflation. Regarding this period, there are two necessary requirements for the s particles to play simultaneously the role of the inflaton and the DM component, namely i) the energy transfer must occur dominantly through the SM sector and ii) the produced particles must attain thermal equilibrium at a temperature T RH much larger than the temperature T DM at which DM is produced. Figure 2 . Upper four panels: The dependence of the tensor-to-scalar ratio r, the spectral index n s , its running α s and the self-coupling λ s on the non-minimal coupling to gravity ξ s , for N * = 55 e-folds and ξ h → 0. The lower panel shows the variation of the model prediction in the n s − r plane for different values of ξ s . The red bands correspond to the 68% (dark) and 95% CL (light) regions from Planck. The black and blue lines show the metric and Palatini theories, respectively.
In the following, we will study the reheating stage in both the metric and Palatini theories.
The metric case
The entropy production following the end of s-inflation in its metric formulation has been studied exhaustively in the literature [12, 61, 62] (see also Refs. [63, 64] ). Here we will simply review the main results.
Soon after the end of inflation, the canonical Einstein-frame field χ begins to oscillate around the minimum of its effective potential, which smoothly interpolate between the quartic potential
associated to the 'Minkowski' pole in Eq. (3.11) for χ 2/3M P /ξ s and the quadratic potential
following from Eq. (3.21) at 2/3M P /ξ s χ 3/2M P [63, 64] . If the non-minimal coupling ξ s is large, the oscillations take place first in the quadratic part and eventually enter the quartic regime. On the contrary, if the non-minimal coupling ξ s is small, the transition value χ 2/3M P /ξ s is very close to the end of inflation and the reheating stage is essentially dominated by the quartic regime (4.1) with χ s. Note, however, that if both λ hs and λ s are very small, the omitted potential terms in Eq. (2.1) can eventually become dominant. In particular, the inflaton field could relax into a regime governed by the bare mass term V (s) = m 2 s s 2 /2 before its eventual decay. In the following, we will study the above possibilities case by case in order to fully account for the dynamics in different parts of the parameter space.
Decay in the quartic part of the potential
While the inflaton oscillates in the quartic part of its potential, the decay of the s condensate and the associated energy transfer to the SM sector can, in principle, occur by the production of s and h particles, 4 which soon annihilate or decay into other SM particles. Note, however, that the possibility that the inflaton condensate could dominantly produce stable s particles subsequently reheating the SM sector is ruled out for weakly interacting inflaton-SM sectors since these cannot make the SM sector the dominant energy component prior to big bang nucleosynthesis [67] . This imposes an important restriction on the hierarchy of inflaton couplings. In particular, an upper on λ s for a given λ hs can be inferred from the effective semi-perturbative decay rates of the inflaton condensate [65, 66, 68] ,
s 0 →hh = 0.002λ
where the superscripts indicate that the inflaton oscillates in the quartic part of the potential and s 0 (t) = s end t end /t is the time-dependent oscillation amplitude of the inflaton condensate
with s end the field value at the end of inflation and cn the elliptic cosine function [20] . By requiring that the inflaton branching ratio into two s particles,
produce at most a fraction C of the observed DM abundance Ω obs DM ,
we obtain the bound (cf. Appendix A for details) 6) with the somewhat unusual exponents stemming from the fractional powers in Eq. (4.3) and the √ λ s dependence of the time at which the s particles become non-relativistic (i.e. cold DM). Note that Eq. (4.6) is more stringent than the one originally found in Ref. [12] , as there it was just required that the inflaton decays dominantly into the SM particles (i.e. BR< 1), instead of imposing the more restricting condition (4.5).
Since in the present scenario the inflaton decay into SM Higgs particles completely dominates over other processes, one can estimate the reheating temperature by assuming an instantaneous decay at the time at which Γ (4)
This corresponds to a reheating temperature [12] T Here the superscript (4) indicates again that reheating occurs while the inflaton oscillates in quartic potential and we assumed the number of relativistic degrees of freedom at that epoch to coincide with the SM one, i.e. g * = 106.75. Several consistency constraints can be imposed on the reheating temperature (4.8). In particular, in order to ensure that the SM sector achieves thermal equilibrium before the time of freeze-in, we must have 
Note that since we are dealing with an essentially quartic scenario in which the Universe is effectively radiation-dominated from the very end of inflation, the number of inflationary e-folds between horizon exit and the end of inflation is independent of the reheating temperature (4.8), namely with W the 0-branch of the Lambert function.
Decay in the quadratic part of the potential
Let us discuss now the case in which the inflaton couples so weakly to the SM sector that it reaches the quadratic part of its potential V (s 0
with m s > m h . 5 Assuming again instantaneous reheating at the time at which Γ (2)
we obtain T As in this scenario the bare mass m s is necessarily bigger than m h , the condition (4.17) is always satisfied for a Higgs portal coupling λ hs ∼ O 10 −11 , giving the correct abundance through freeze-in, as we will show in Section 5. We can thus conclude that the model predicts a reheating temperature which, as long as the aforementioned hierarchy requirements are satisfied, is always above the big bang nucleosynthesis temperature T BBN ∼ 1 MeV, regardless of the form of the inflaton potential at the time of its decay. Even though the inflaton condensate cannot decay into s particles while oscillating in the quadratic part of its potential [65, 66, 68] , we have to require that the s particles produced in the quartic part do not contribute significantly to the observed DM abundance.
In a similar fashion as above, we obtain a bound on the inflaton self-coupling (for details on the derivation, see again Appendix A),
which results from requiring that also in this case the s particles produced during reheating constitute less than a fraction C of the observed DM abundance. Contrary to the quartic scenario discussed in the previous section, the number of e-folds depends now explicitly on the reheating temperature (4.16), namely 
The Palatini case
So far, the reheating stage after Palatini inflation has been only studied in Ref. [38] , where the authors studied the self-resonant production of inflaton excitations in a simple λφ 4 theory. However, because in our case the self-coupling λ s must be much smaller than the Higgs portal coupling λ hs to successfully reheat the SM sector, the following analysis constitute the first study of the reheating dynamics in Palatini inflation accounting for other production channels beyond the inflaton self-fragmentation. In the Palatini theory, the inflaton potential during reheating is always quartic to a good accuracy, in contrast with the metric case where it can be quadratic for large ξ s values. The quartic part is indeed reached in less than one e-fold after inflation for all the non-minimal couplings of interest, as can be easily verified by numerically solving the equation of motion for χ after inflation. This allows us to use the decay rates in Eq. (4.3) to find that the upper bound on λ s and the reheating temperature, as well as the limits on the latter, do not change as compared to the metric case. However, we can identify small differences in the parametric dependence of the number of e-folds N * , both for the case in which reheating occurs in the quartic potential,
and for the case in which the field reaches the low energy quadratic potential ∝ m 2 s s 2 before decaying, Fig . 3 presents the dependence of the number of e-folds N * on the non-minimal coupling to gravity ξ s for ξ h → 0. The black and blue colors correspond respectively to the metric and Palatini cases. The lines refer to cases where inflation happens in the quartic potential, whereas the bands correspond to the quadratic potential scenarios. The thickness of the bands comes from the allowed values of m s and λ hs , assuming all DM is produced by the freeze-in mechanism, for a DM mass between 1 keV and 1 PeV (cf. Fig. 5 and Section 5.1).
Dark matter production
As discussed in Section 2, we will consider four distinct scenarios in which the DM component is non-thermally produced. We will start by studying in Section 5.1 scenarios where reheating produces only a negligible amount of s particles and all the DM is produced by the freeze-in mechanism, and concentrate on the opposite case in Section 5.2. In Section 5.3, we will discuss some astrophysical constraints on the model.
Dark matter from freeze-in
We first assume that DM particles s are produced in the early Universe through 2-to-2 scatterings of SM particles and Higgs decays. If the Higgs portal coupling takes a very small value, λ hs 10 −6 , the DM sector does not enter into thermal equilibrium with the visible SM sector [69] [70] [71] . In that case, the observed DM relic abundance can be produced by the freeze-in mechanism [21, 22] . The evolution of the DM number density n s is given by the Boltzmann equation
where the sum runs over all SM particles, σ xx→ss v corresponds to the thermally averaged annihilation cross-section of the SM species into DM particles, Γ h→ss denotes the Higgs decay width to DM, C 0.349 [72, 73] , and f eq h and E h are the SM Higgs equilibrium distribution function and energy, respectively. The freeze-in is an infrared process, where essentially all DM is produced at
Note that in Eq. (5.1), we are not taking into account possible number-changing DM selfinteractions, such as 4s → 2s annihilations. These processes could, in principle, lead to the thermalization of the s particles with themselves even if they do not enter in equilibrium with the SM particles. This can result in a change in the DM abundance even after the initial DM yield has ended [51, [74] [75] [76] [77] [78] [79] [80] [81] [82] . However, since reheating in our scenario requires λ s 1, such processes do not play an important role in the present context and can be therefore safely neglected.
The DM genesis via the freeze-in mechanism fixes the value of the Higgs portal coupling for each DM mass. The value of the coupling λ hs needed to reproduce the observed DM relic abundance for a wide range of DM masses m s varying from the keV to the PeV scale is shown in Fig. 4 . 6 Lyman-α forest observations are in tension with a DM mass below a few keV [83, 84] , which provides for a natural cut-off for the mass scale.
The left panel of Fig. 5 shows the upper bound on the quartic coupling λ s coming from Eq. (4.6). The limit assumes that reheating occurs in a quartic potential and that it produces less than 10% of the observed DM abundance, the rest coming from the freeze-in mechanism. This limit can be translated into a lower bound on the reheating temperature T RH (shown in red), coming from Eq. (4.8). Additionally, the green region is also excluded because it leads to a reheating temperature below the freeze-in scale (4.9), rendering the scenario inconsistent with our assumptions. In the gray area reheating does not happen in a quartic potential, Eq. (4.11). Finally, the blue region, corresponding to λ s < 2 × 10 −13 , is incompatible with our inflationary scenario, cf. Fig. 2 . Fig. 6 presents the constraints on the inflaton-DM non-minimal coupling ξ s , assuming that all the DM component was produced by freeze-in and using Eq. (3.25) to map the constraint on λ s to a constraint on ξ s , and ξ h → 0. The horizontal red bands correspond to the regions on the n S − r plane, disfavored by Planck at 68% (light) and 95% CL (dark). Figs. 7 and 8 show the values of λ hs and T RH needed to simultaneously reproduce the observed DM relic abundance via the freeze-in mechanism and have a successful reheating in a quadratic inflaton potential. All colored areas are ruled out: either because m s < m h or λ s < 2 × 10 −13 (red), or T RH < m s (green). In the gray region Eq. (4.11) is satisfied, whereas in the blue region Eq. (4.18) is violated, leaving the white region available for this scenario. The results show that the scenario is consistent with observations for a broad range of masses, 10 2 GeV < m s 10 6 GeV. Fig. 9 shows the constraints on the inflaton-DM non-minimal coupling ξ s as a function of DM mass, for the metric (black) and the Palatini (blue) theories. Figure 7 . Scenario 2. The black thick line corresponds to the values of λ hs needed to simultaneously reproduce the observed DM relic abundance via the freeze-in mechanism and have a successful reheating in quadratic inflaton potential. All colored areas are ruled out: either because m s < m h (red) or T RH < m s (green). In the gray region Eq. (4.11) is satisfied, leaving the white region available for this scenario. The results show that the scenario is consistent with observations for a broad range of masses, 10 2 GeV < m s 10 6 GeV. Figure 8 . Scenario 2. The black thick line corresponds to the values of T RH needed to simultaneously reproduce the observed DM relic abundance via the freeze-in mechanism and have a successful reheating in quadratic inflaton potential. All colored areas are ruled out: either because m s < m h or λ s < 2 × 10 −13 (red), or T RH < m s (green). In the gray region Eq. (4.11) is satisfied, whereas in the blue region Eq. (4.18) is violated, leaving the white region available for this scenario. The results show that the scenario is consistent with observations for a broad range of masses, 10 2 GeV< m s 10 6 GeV.
Non-minimal couplings larger than ∼ 5 and ∼ 300 are excluded in the metric and Palatini cases, respectively. The white area is allowed in both theories. In this figure we have used Eq. (3.25) to map the constraint on λ s to constraint on ξ s , for ξ h → 0. The horizontal red bands correspond to the regions disfavored by Planck at 68% (light) and 95% CL (dark).
The above results show that the first scenario in Section 2, involving a reheating stage in the quartic part of the potential and a DM production by freeze-in, is essentially ruled out. On the contrary, the second scenario, involving SM particle production in the low quadratic part of the potential and DM creation by freeze-in after reheating, works well for a broad range of masses 10 2 GeV< m s 10 6 GeV, λ hs ∼ 10 −11 and 10 5 GeV T RH 10 11 GeV. Additionally, the non-minimal coupling is bounded from below 5 × 10 −3 ξ s and has to be Figure 9 . Scenario 2. Constraints on the inflaton-DM non-minimal coupling ξ s as a function of DM mass, assuming that the observed DM relic abundance is generated via the freeze-in mechanism and that reheating happens in quadratic inflaton potential, for the metric (black) and the Palatini (blue) theories. In the metric and Palatini theories, non-minimal couplings larger than ∼ 5 and ∼ 300 are excluded, respectively. The white area is allowed in both theories. Here we have used Eq. (3.25) to map the constraint on λ s to constraint on ξ s , for ξ h → 0. The horizontal red bands correspond to the regions disfavored by Planck at 68% (light) and 95% CL (dark).
smaller than ∼ 3 or ∼ 200 in the metric and Palatini theories, respectively, for ξ h → 0.
Dark matter from reheating
In this scenario, when DM is produced by annihilations of SM particles or by direct decays of the Higgs boson into s particles, the coupling λ hs at large masses is always in the O(10 −11 ) ballpark characteristic for freeze-in scenarios, cf. Fig. 4 . However, even if the Higgs portal coupling is smaller than the value required for the freeze-in mechanism to work, the model under consideration could still produce the observed DM during the reheating stage. In particular, it may happen that the inflaton transfers most of its energy density into the SM sector but simultaneously produces an amount of s particles leading to the observed DM abundance. Quantitatively, this is the case when the branching ratio in Eq. (4.4) is very small and the factor C in Eqs. (4.6) or (4.18) is very close to unity. In the following, we will first analyze the scenario where reheating occurs in the quartic part of the potential and then the case in which it occurs in the low-energy quadratic part. These correspond to the scenarios 3 and 4 discussed in Section 2.
The quartic case
In this case, the correct DM abundance is obtained from Eq. This ensures a small branching ratio BR 1 while simultaneously giving the correct DM abundance. Requiring additionally that the reheating temperature is high enough for the inflaton to decay in the quartic potential, we get (cf. Eq. The scenario requires that λ hs is small enough as to not contribute to the total DM abundance in significant amounts, as can be inferred from Eq. (5.1). In the following, we require that freeze-in produces less than 10% of the observed DM abundance. Fig. 10 shows contours for the quartic coupling λ s required to generate the observed DM abundance from reheating, taking λ s = 10 −12 (solid line), 10 −16 (dashed line) and 10 −20 (dotted line). In the green region a significant DM component is produced by the freeze-in mechanism. The gray region violates the constraint from Eq. (5.3). The red region corresponds to values λ s 2 × 10 −13 incompatible with our inflationary scenario (cf. Fig. 2) . The results show that this case, corresponding to the third one in Section 2, is only marginally allowed for m s = O(1) keV and λ hs 10 −9 .
The quadratic case
If the inflaton reaches the quadratic part of its potential before decaying into the SM particles, the correct DM abundance, consisting of particles that were produced while the inflaton was still oscillating in quartic potential, is obtained from Eq. This ensures that the inflaton decays dominantly into the SM sector only after its transition to the quadratic part of the potential, while simultaneously producing enough s particles in the quartic region to constitute the observed DM abundance. Since in this case the mass of the s particles must exceed the Higgs mass for successful reheating (m s > m h ), all values of λ hs giving a negligible contribution to the DM abundance via freeze-in allow m s to take values leading to the right DM abundance, as can be seen from Eq. (5.6). The above results show that the third scenario in Section 2 involving a reheating stage in the quartic part of the potential and a DM production during reheating is marginally allowed for DM masses in the keV ballpark and λ hs ∼ 10 −9 . A similar thing happens in the fourth scenario, involving SM particle production in the low quadratic part of the inflaton potential and DM creation during reheating, which is only viable for m s ∼ O(100) MeV and λ hs ∼ 10 −12 .
Astrophysical constraints
The detection perspectives for the present model at colliders and at indirect or direct detection experiments are challenging, as it is typically the case of FIMP DM scenarios. 7 However, on top of the cosmological constraints on inflation discussed above, there are some important constraints coming from astrophysics, showing that the present scenario is clearly falsifiable.
For a singlet scalar, the DM-DM elastic scattering strength is given by [77] 8) which applies when the particles are very light m s m h or very feebly coupled to the Higgs. These self-scatterings due to the quartic coupling are velocity-independent and must be compared with galaxy cluster bounds, like the one following from the bullet cluster observation, namely σ s /m s < 1.25 cm 2 /g at 68% CL [88] [89] [90] . This bound is naturally satisfied in our framework since the reheating constraints demand a coupling hierarchy λ s < λ hs .
Two long-standing puzzles of the collisionless cold DM paradigm are the 'cusp vs. core' [91] [92] [93] [94] [95] [96] and the 'too-big-to-fail' [97, 98] problems. These issues -collectively referred to as small scale structure problems of the ΛCDM model [99] -could be alleviated by DM self-interactions if the associated cross section at the scale of dwarf galaxies is in the range 0.1 σ s /m s 10 cm 2 /g [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] . Unfortunately, due to the coupling hierarchy demanded by the reheating dynamics, the scalar DM considered in this paper cannot be a solution of the small scale structure problems. This means that in case of positive observation of sizable σ s /m s , all the (otherwise allowed) scenarios described in this paper would be ruled out.
Certain subclasses of the present model naturally favor DM in the keV ballpark. We note that this is precisely the mass range where annihilating or decaying DM may provide a viable explanation of the claimed observation of an X-ray line at 3.5 keV in various astrophysical systems [110, 111] ; see Refs. [71, 77, [112] [113] [114] for different ways of connecting this line to the freeze-in mechanism. In particular, as recently discussed in Ref. [71] , if the assumed Z 2 symmetry is broken, already a singlet scalar may yield the observed signal while simultaneously maintaining a long enough lifetime to act as DM. Such scenarios may be testable with future X-ray missions.
Conclusions
In this paper we have studied a set of minimalistic scenarios in which a real singlet scalar field s drives inflation, reheats the Universe after inflation, and constitutes all the observed DM component. We considered two benchmark models where the DM abundance is generated either by production during reheating or via non-thermal freeze-in, and showed that each of these cases can be further divided into two subclasses. We performed a detailed analysis of inflationary dynamics including the two scalar fields present in the model (the s inflaton-DM field and the SM Higgs), and determined the relevant observables in two different, but wellmotivated, theories of gravity (metric and Palatini). We showed that both cases are in very good agreement with observations, provided that the inflaton-DM self-interaction coupling satisfies λ s 2 × 10 −13 and that the s-field is mildly coupled to gravity.
When computing the DM abundance, we took into account all relevant DM production channels in the keV to PeV mass range and found that, for certain choices of the couplings (cf. scenario 2 in Section 2), the scenario works well for large DM masses, 10 2 GeV m s 10 6 GeV. We also found that a certain subclass of the model allows for a small mass window at the keV scale (cf. scenario 3 in Section 2), with potentially interesting observational consequences. A third allowed mass window is at O(100) MeV (cf. scenario 4 in Section 2) but in this case testability of the scenario is very limited. We also showed that a potential detection of a sizable DM self-interaction cross-section per DM particle mass could not be explained within the present model and would therefore rule out all the (otherwise allowed) scenarios studied in this paper.
The inflaton-DM model studied in this paper is not only a very economical model for explaining both inflation and DM, but also constitutes an interesting example of a scenario where tiny couplings to the SM sector can be constrained by carefully investigating the inflationary and post-inflationary dynamics. The comparison of the detailed predictions of the model with cosmological and astrophysical observables sheds light on particle physics scenarios which would remain otherwise unconstrained or untestable. 2018 project 57394560/ COLCIENCIAS -DAAD grant 110278258747. T.T. is supported by the Simons foundation and the U.K. Science and Technology Facilities Council grant ST/J001546/1. N.B. is partially supported by Spanish MINECO under Grant FPA2017-84543-P. This project has received funding from the European Union's Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreements 674896 and 690575, from COLCIENCIAS grant number 123365843539 RC FP44842-081-2014, and from Universidad Antonio Nariño grants 2017239 and 2018204. In addition to the software packages cited above, this research made use of IPython [115] , Matplotlib [116] , and SciPy [117] .
A Bounds on λ s from reheating
In this appendix we calculate bounds on λ s from the reheating stage assuming that most of DM is produced by freeze-in at a later stage in cosmic history, i.e. after reheating. The bounds stem from requiring that while the inflaton condensate is oscillating, it transfers most of its energy into the SM sector and only a small amount of its energy is distributed to finitemomentum quanta of the s field. In the following, we will compute two different bounds, one for the case where reheating occurs while the inflaton is still oscillating in the quartic part of its effective potential, and one for the case where reheating occurs once the field has relaxed to the quadratic part.
The quartic case
Let us first assume that reheating occurs in the quartic regime. We can then estimate that at the time of reheating the energy density in s particles is ρ s (T RH ) BR ρ s 0 (T RH ), (A.1)
where BR = 11.5λ 2 s /λ 2 hs is the branching ratio in Eq. (4.4) and ρ s 0 (T RH ) is the total energy density of the inflaton condensate at the time of reheating. Because in our case the inflaton decay produces s particles with an almost monochromatic spectrum with momentum k = √ 3λ s s 0 and the particles only redshift after their production [66] , we can estimate that they become non-relativistic at Here we have normalized the scale factor such that a end = 1. By demanding that at the time of matter-radiation equality the s particles only constitute less than a fraction C of the total DM abundance, i.e.
ρ s (a eq ) ≤ C × 3H 2 eq M 2 , (A.5) which for C = 0.1 gives the result presented in Eq. (4.6). To obtain a numerical value for the prefactor, we used H eq = 1.5 × 10 −37 GeV, Ω b = 0.02, Ω DM = 0.12, g * (a eq ) = 3.363, g * S (a eq ) = 3.909, and g * (a end ) = 106.75 [18] .
The quadratic case
Let us then assume that reheating occurs in the quadratic regime. In that case, the maximum energy density in s particles produced while the inflaton was still oscillating in the quartic regime 8 is where we utilized the fact that after the transition the Universe is effectively matter-dominated until reheating. By again requiring that at the time of matter-radiation equality the s particles constitute less than a fraction C of the total DM abundance (cf. Eq. (A.4)), we obtain λ s < 10 −11 C 8 Recall that in the quadratic regime the channel s0 → ss is kinematically blocked.
